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; FOREWORD 


An investigation of the "Aero-Thernoorex" was conducted 
8s & joint oroject by Lieutenants R. A. tlawkins, &. Vv. sownell, 
Oo. A. Tenmpteton, send J. &. Wian. vince the inveseti,ation covers 
meny sheses, the report nas been aivided into two gections. The 
first report, by dawkins anc Nowell, covers the design, coustruc- 
tion and sreliminary tests of the "Aero-Thermoprex", ana includes 
whe theoretical analysis for design, anc a modified analysis for tie 
apoaratus constructed. The second revort, vy Templeton and fiisn, 
covers the actual perrvornance of the aoparatua and 4a comgurison with 

¢ 


tue theory to determine the possitilities of the "Aero-Thermojrex" 


as a ounping device. 
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NOdbaCUATUPE 


Cross-sectional area ° 

Boecific heat at conctent pressure 
hydraulic dianeter 

friction coefficient ia flow yassage 
entnaloy of injected liquid, ver unit mass 


enthnalsy of the evasoreted. liquid at the teanerature T, 
26r unit ness 


ratio of specific heeta, C)/ cy, 
“acn number 

etatic pressure 

isentrosic stagnetion pressure 
absolute tenoersture 

absolute stagnation tenoersture 
velocity of strean 

velocity with wmech fete enters main etream 

mass rete of flow of stream 

molecular weivht 

Gistence alon; duct 
VWI/V, where V;' is forward comsoneat of velocity of Vy, 
refers to mean conditions 

refers to section 1, iniet to noszle 

refers to tection £, outlet from diffuser 

refers to section 1, inlet to water injection section 


refers to section 1, outlet from weter lajection section 





1 SUMMARY 


The purpose of this tnesis was to desiza, build, and 
conduct Satis Hy — of the Aero-Thermoprex, s. device for 
raising the stagnetion pregsure of a strean of air by injecting 
and evaporating water into the sir. The investigetion seemed 
to divide itself logically into three sections; first, the major 
Gesign considerations, including the practical asvects of laboratory 
facilities and equipment readily evailable, which led to the detail 
@esign and actual construction of the epprratus; second, a theoretic- 
al analysis of the built machine to determine its epsroximate oper- 
ating charecteristice for various assumed conditions of friction and 
evaporation, the results of which would furnish a basis for inter- 
preting the actual oerfornances and third, a oreliminery test to 
ineure that the design specifications had been met, end that ail 
parts of the apparatus performed their assigned runctions in a sat- 
Lafactory manner. . The presentation has been organized to show the 
developaent, results, and conclusions of the three suasew of the in- 
vestigation. 

The apparatus has been described in some deteil, with perticu- 
lar attention given to those features which required design study. 
While tho actual desijyn cnosen is but one of many possible arranze- 
ments, both in deteil and general characteristics, it is relt to 
satisfy the requirements of an experimental study of the besic process. 
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the test runs show that the soecifications of design were met. Inlet 





wach number and staynation temperature were very close to those chosen 
for the primary design point, and ull parts of the aonaratus performed in 
a satisfectory msnner. | 

‘A theoretical analysis yieldea results thet fl geiined: that 
some Stagnation pressure ¢6i0 over the dry chsracteristics might be 
realized if the evaporation of the water injected were at Least 50% 
complete. Results for 50%, 75%, and 100% have been obtained for com- 
péerison with experimental deta. It has also been demonstrated ty.t 
any positive "pumping action" in tne size apparatus built is extremely 
unlikely. Some réference has been made to the effects of size on 
the probable experimentsal results, but the more comolete exvosition 
of this effect has been left for the subsequent work of Templeton aad 
Wieh. The material presented here hac been intended to be primurily 
fhe ground work for an experimental program which may indicate changes 
in theoretical procedure as well os possible recommendations for 


future invéstigation. 
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Ll INTRODUCTION 


The pumping of a gas is accomplished by raislm; the stagnation 
pressure of the gas, ordinarily by employing rotating machinery (Com- 
pressors). A novel method, involving no moving parts, has been gropéeed™ 
as én alternative to conventionél pumping methods. Raising the stagna- 
tion pressure of the gas stream would be accomplisned by preliminary 
neating at low velocity followed by cooling of the gas stream at high 
velocity. The Reynolds Analogy ap slied to vas flow with cooling and 
friction shows that coolin,; by means of a heat exchanger alone could 
never produce 4 net stagnation pressure rise. It has been shown, how 
ever, tnat cooling by evaporation of a liquid into the ¢as stream vives 
considerable promise as a pumping scheme, provided that the ratio of latent 
heat of the Liquid to the product of the specific heat at constant pressure 
and the absolute stagnetion temperatire is creater then two, 

A preliminary investigation of the scheme, utilizing liquid water, 
wag made by Shapiro ana Wadleigh® using 4 simple one-dimensional anelysis, 
in which the effects of area change, wall friction, drag of liquid water, 
evaporation, ana changes in molecular weight and specific heat due to 
evaporation were included. Calculations were made for constent cross- 
sectional area, constant pressure, constant Nach number, and constant 


temperature evaporation in the apparatus shown in the sketch below. 


WATER 
IIECTION 








These calculetions snowed tnat only the coustant tencer.ture 
Poe 
process gave promise of a stagnation »ressure ratio, “p7~» mucn greeter 
then ie. From the limited calculations made, the scheme was con- 
sidered to be of marginal promise for certain conditions at the entrance 
to the evaporation section. 

Tne usefulness cf such a pump is readily aponrent. One possible 
application would te for driving larze supersonic wind tunnels which 
ere now imoractica. because of the enormous power and mac inery re- 
quirements for conventional rotrting compressors. 

The purpose of this iavestization was to aesi.n, build, and con- 
duct preliminary uate of the Aero-Thernoprex.” Although some of 
the infinite aunber of sossible evaporation srocesses night yield bet- 
ter theoretical results, the lavorious conmputetions involved in identi- 
fying these processes was not felt to be justified, and the constant 
bec vive orocessS was selectea es the basis of desi,o. The examine-— 
tion of the process achleved in the desizned apparatuc and a comperison 
of the results with the theoretical predictions is the subject of a 


7 
compenion thesis. 


* A pump Sor raisins the stagnation oressure of & gas by coolin, 
through evaporation of a liquid will be callec an Aero—Thermoprex. 


C*) 





JIL DECIGN CONSLDEPATLONS 


Preliminary Analysis 


A& oreviously pointed out it was decided to desiga the 
experinental apparatus on the basis of constant temoerature evap- 
oration. With this end in mind, further calculations were aade : 
to supplement and to substantiete the worx of Shapiro and Fadleizh. 
Calculations were made for initial sta,nation tenoerature of 1500°R, 
and for initial Mach numbers of 2.9, 2.5, and 83.0. For these = 
culations the came assunptions were made ze were made by the above authors. 
These were: 1) the frictional dray of the wall is zero, 2) the forward 
momentum of the injected water is zero, and &) evaporation is iactent- 
aneous and complete. 

Theoreticall;, if these assumptions cre valid, the total stag- 
nation oressure rise ecrose the water’ injection section corresponding 
to a final Mach number of zero woulc be availeble. However, the obvious 
difficulty of cooling a supersonic stream continuously through sonic 
soeed and iato the subsonic region would make it unwise to expect the 
ostimum resuits. It seems reasonable to split the passa;;e into two 
separate and distinct parts for ourposes of analysis; 4 converging wat-— 
er injection section (supersonic) and a diverging subsonic diffuser, 
senarated by 4 normal shock. Then the evaporation will be assuned to 
terninate at eee f to which & reasonable intensity could be as- 
signed, consistent with stable oneration of the diffueer. The shock was 
assumed to occur at a Meth number of 1.1. 


Although evaporation will orobably continue after the shock, its 
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effects will he negligible as snom by curves of stagnation pres- 
gure rise obtainable with initial Mach nwabers less than ene The 
total stagnation pressure ratio will then be tne product of two 
ratios; that across the water injection section computed for e final 
Yach number of 1.1, and the ratio across owe normal snock and the 
subsonic diffuser. Since the second ratio will be determined by 

the design of the divergent section, it was considered to be essentially 
constant as regerds variation of conditions at inlet to the evapora- 
tion section. The merit of any combination of inlet Mach number and 
etagnation temperature will then be meacured only by the stagnation 
pressure ratio available across: the evaporation section. 

The method of computation is described in Appendix A, while 
Appendix B contains a sanple celciletion for an initial Mach nunber of 
2.5 and an initial stagnation temperature of 15009R. The results of 
such calculations are shown plotted in Figure 1. While it was real- 
ized that more extensive and detailed conputations were desirable, 
they were not undertaken in view of the labor involved in obtaining 


solutions without the aid of an autonetic computer. 
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Practical Consicere tions 

After examination of tne data for constant temserature evao- 
oration shown in Fi,ure Lf, the final desizn noint wes selected at 
an initial stagnation temoerntaure of 1500°R and an initia. tiach 
number of 2.5. This was & com romise’ selection, cictated by the 
equionent and materisis readily evailetle. for contLnuous overetion 
an initiel staynation tenzerature of 1500°R we: considered an upper 
limit. Exeminetion of Aire I shows that an initial wach number of 
geo orocuces nearly optimum retulvs for tne temoer: ture chosen. Also, 
Meca the sumaings copwci ty availeble for starting btrictliy linaited, 
the use of én initial dach semaaes muco vreater than £.5 woulc increase 
the sterting stayjnation »xressure ratio to such aq extent tnat the 
small mass rate of flow sermissible would seriously Limit the ocssibil- 
ity of ottaining measurable results, due to the scale factor effects 
on friction and evanoretion. The effect of scele factor will be dis- 
cussed more extensively below. Sufficient heating capacity wae avail- 
able to permit tests at hi-ner tenperetures arter completin,, investi- 
getions at 1500°R, Fi,ure II compares the tneoreticel oerfornance 
at the deSi:n voint with other tyoes of diffusers a: indiceted, 

The design point having been decided upon taere remuined to 
be solved three basic sroblens. These were 1) selection of a method 
of varyin, the agree of the cross section 9: the evajoration section 
fo order to be atle to sass the riow tirougn the taroet in startin, 
and yet be able to adjust for constant temserature evaporetion while 
injecting water, 2) selection of the method of injecting water, esac 
&) selection of a Llenzth for the evaporation section wnicn woulc poer- 


mit reasonably consiete evaporation, yet not be 60 long as to create 
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prohibitive frictional effects. Other problems were present, such 

as the design of the nozzle and of the subsonic diffuser, but since 
these parts of the apparatus wero not directly under investiyation 

no special consideration was given to them. 

In solving the sroblen of varying cross-sectional area, a Das 
sage of rectangular section was chosen, having two olane, perailel 
walls end two curved walls. Variation of throat area is accomplished 
by movement of the curved walls. Passa-es of circular cross section 
were also investigated, but the only feasible methoa of varying throat 
area was to install a round core rhich could be withdrew in the dowm- 
streen direction in order to increase tne throat area sufficiently to 
permit atarting. For this method the ratio of wall ares to cross-sec- 
tional area becomes prohibitively lerge. For the type of passaze chosen 
this ratio is a minimum, and the passage is fairly simple to construct. 
Its main disadvantege is that the junction of sliding and fixed walls 
presents problems in sealing. 

The solution offered to problems 2 and 8 above was a somewhat 
arbitrery one aug the slmost complete lack of exnerimental or theor- 
etical faformation on evaporation rates in & suoersonic stream. It can 
be seen thot the two vroblens are reully tied tovzether quite cloceiy. 
First, it was estublished that, because af the Limited overail size, 

a length ov injection section of roughly 30 inches would prodace caok- 
ing effectea associated with friction, and the aoparatus could never be 
started. There were two methods of water injection available; axial 
injection, and peripheral stepwise injection, which more cloeely cor- 


responds to the mechanics of the calculations used in analysing the flow. 
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Both methods were eventually provided ror and presented eseentially 

the same problem of determinin,, the setual dictance fron the o0.nt 

of injection to the point of completion of evaporation, This dis- 
tance is a function of tne time rate of evaporation, anc the acceler-~ 
ation imperted to the weatsr droplets by the movin, streaia. The evap- 
oretion rate denends, i: some complex way, on the croplet size, the 
relative velocity of the stream to toe ciroplet, the vapor oressure 

in the stream and the teasereture differentiezl froma droplet to streen. 
The acceleration of a drop depends aainly on the drag coefficient of the 
Grop, waich is ea function of the Reynolas number associated with the droog. 
The process is not a readily predictalle one, however, because of its 
extreme complexity, and the probable absence of equilibrium conultions. 

A computation was attempted on the bagis of stepwise verioneral 
injection, in order to deteraine tine rates of evaporation ena absolute 
length of duct required for reaconebly conplete evaporation. Talis comou- 
tation was besed on the Colburn analovy’, anc showed that the leneth of 
uuct required was 0 eensitive to droplet size that no preciction could 
be mace due to the lacx of any exact data on ctomizgation in & surcrsonie 
stream, The only exverinental data evailable® shows that in a subsonic 
s. ream of Nach number 0.49 and initial stagnation temperature 1140F, 
Boproximetely 50% of evaporation is coaplete in &0 inches and iacreases 
&t a very slow rate as Length i3 increased. 

Althouga the velidity of extrapolating these results by weans of 
the Colburn analoyy 15 very mucn oven to doubt, it was felt to te worth- 
while in obtaining at ieast order of magnitude results, which was oot 
possible by direct application of theory. cuch an extrapolation indicated 


that at least 50% evazoration might be exsected in the neighborhood of 
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9 inch@s, for a liquid stréaw imjectec t-roujh an 9.008" nole into 
@a éir stream of lech number ¢.5, ‘She comoutations @re shown in 
Appendix CG. Thic Lensyth, bein,, Legs than the maxiuua pernissible 
in view of chokin,, due to friction, was accestec 45 @ reaioneble 
comoromise fissure. A iwmuch wreater len, th could be secomodeted witn 
& -eomstrically siniler anonaratus of lurer pross Uinensions, rence 
mora coanlete evisorstion obteined. 

H-vin.. selactec the Length, there renmsaiued the problem or 
Geciuin, where to inject the veater, ana fo# wvizhn at eech veint is 
tHe cece of Stepwise injection. Curve 1 of Fi,ure K siowe the theor- 
etical curve of sree correspondin; to LOO’ evaporetion titano friction, 
Poeeresre@ents en evaoor.tion rite Jin@Rr wit ulcte@rce. CLinee Sci 
area chan,o;Woulca. cause oronibitive oblique snocns, enu béctuse of tic 
mectunicsl aifficulty of gettin, tho tame amount of water Loto tare 
saallest ares as into the maximum «ures, a modified nrea Curve was drawn, 
wnicn i: Curve 5 in Figure 4, tne actusl ares curve for the apnuratus 
as built. Chanrin, the erea curve merely means tir't the axial uistence 


scele hous been warsec sui,ntly and evaporation ic no Longer linear with 


é 
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Gistunee. This chanze is shown in Pizgure 111. The problem then was 

to inject the ester in such # manner th:t tne svasoration woulc sroceed 
&lonk the modified line. The solution Ms tl@hiy arbitrary, siuce so 
little was xnow about either the rate or degree of evaooretion. with 

the information at nand, Lit could be equally soseible for tne axially 
injected weter, where ill the liquid is iotrocuced at one Location, to 
follow the desired evanorstion curve «s for the Siaite steowise fojection 
olenignich #es finelly e@ioecen, anu iuticsxted in *ijdmeelli. In tae setaal 


ayoeretus, tae sueos coula ue @e@ue no @muiler cue to the Lower Limit on 
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the size of pructical injection holes, wi.ich were made U.003", It 

can be seen, however, from these curves, that in the limit, as the 

number of steps of injection increase, tne evaporation curve must 

coincide with the desired one if evaporation is complete within each 

Sten; whereus with axial injection at one spot, a definite evaporation 
curve must be accepted, which may differ widely from the desired one. 
Because of the available control cn the progress of evaporation by the 
stepwise injection, it was felt to be the most desirable provided it 

could be carried out. Since no conclusion could de reached as to the 

most advuntazeous location for axiel inyection, it was decided to make the 


noint of axial injection a variable. 
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Application of Theory to the Resultaat Design 


After final Selection of the desi¢n point and settiing of the 
major desi,u features had been accomplished, an attemot was made to 
predict the performance characteristics of the Aero-Theraoprex as 
desicned, As vointed out previously, an investizetion of evaporation 
rates incicsted that the éssumotion of inetenteneous evaporation was 
probabiy far from the actual condition to be expected in the Limited 
length available in the desi,ned apcarsius. Therefore, a re-exanina- 
tion of the assuaptions nade in solving tue basic workin, eque- 
tions seemed to be in order, and some quentitative stucy made of the 
effect of any chenges in the agsunptions on the theoretical results. 

The assunption thet 4f dx/D is counterbalanced by 2y dw/w appears 
to be extremely optimistic for the scale of the aoosratue as desi,ned. 

In the computations made i: the preliminary analysis the velue of the 
primary variable, dw/w, selected for each step was about 0.01. Slice 
about fifteen stcos were required to brin; the stream to Mach number 1l.l, 
dx is, assumin, tineur evaporetion, one-rifteenth of the total duct length, 
or rou,hly 0.5 inches. For tne rectan,uler passe,.e of dimensions t and h, 
4f dx/D ie equal to ef dx (eta), For the passave as designed the dcesth 
was constant at 1", while the wlath varied from 2.56" to about 1", corres-— 
ponding to a variation of 4f dx/D froa 1.39f to 2.00f. 

As shown by Keenan and Neumann? the friction fector for a su >er- 
gonic stream enteriny a straight oipe varies consicersasly for a snort 
distance vefore a stable boundery Lleyer is formed. Fepresentative values 
for f are 0.005 at the start of the straight section and 0.002 et en L/D 
of G, which is the equivalent L/D of the evacorstion section es desi;sned. 


Thie gives values of 4 f dx/D ragging fron .00695 at entrance to .004 at 





exit. Since these are somewhat iteur.ized fi,ures, an: the aoserent 
friction fector #4§ in ell probability muca ‘ugher due to the water 
injection apparetus, leaxage, and &« much thinner boundary Layer than 

would be P cousueres da straight pioes, a conetent value of .009 was 

taken for tre term 4f dx/D. With this figure, y, or the ratio of the 
forward velocity of the Liquid to the velocity of the «ein atream, must 

be 0.45 in order to counterbelence friction. With on initial .-cn number 
of 2.5, and en initial ste,nation temper. ture of 1500°R, this neans a 
liguid velocity of 14£5 feet/seconc, waich leeds to imsossibly small water 
injectio. holes, end enormous water pressures. In tne apparatus as ce- 
sised, velocities prveater then 200 feet/second cannot be obtined, so 
that fy dw/wis less than 10% of 4f dx/D. A sanole calculation wae nade 
using the value .009 for 4f dx/D and zero for y, stiil waaintaining constant 
temperature evacoretion, (see Anpendix 5). This produced e nore realis- 
tic oerformence curve for comolete eva oration for the actual size of test 


e 


ection. From the above it can be seen that, essuming coaslete eveaora- 


tn 


tion in 4 lengtn dx, tae term 4f dx/D can ce mace as snell ar desired 
merely by incretsing tre equivelent dicmeter; a so-—caliteu scszie effect. 
Since it ass been showm orotable txt only fractional evaporation 
can be obtainea in the size agperatus cesi nec, @ further rerinenent can 
be made on the besgic equations to show tne effect of tais ceviation fron 
toe prelifsinury aisumotion. The net effect on the Workin, euustion of 
oartial evapor:tion is to make the dw associated with stezn:tion teaocer- 
ature different from the dw! associated wits conservation oF nonentua. 
For insetauce, takin, dw 4s one-neif of dw’ would imoly thet only one—nel 
of tne eee injected ser steo fineily eveporatec. A question 4arose ar to 


whether to commute a thieoretict. result for twice the water injection 





required if evsnoration were complete, thas naintainiog @ constent 
temperature down to Mach number 1.1, or for the sane total water in- 
jection with 50% evaporation. The second method woulu, if comouted for 
constant temoerzture, exactly duplicate the flrat, but woulc terminate 
at some Macn number short of L.l. If conguted for the aystematic var- 
iation of some other parameter, such as aren, & Linaal Mech number of 1.1 
could be reeched, but the comalexity of such & computation ruled it out. 
Therefore, the first method wes used, bearing in nind tnat the resuits 
would not differ serlousiy from tose of the second method, if it could 
be carried out. Thie can be verifisd in part by considering the second 
methoc carried out st constent teucerature until al. the water has been 
injected, then diffusins to dach number 1.1 by area cnange ony. As shorm 
by Shapiro enu *Nedleiizn, the bulk of the stagnation vressuré rice occurs 
at the higher tiach numbers. Therefore, the result will not differ too 
radically from those obtained in the ac‘ual calculation by the first 
method. For this calculation Cy end k were based on the congetituente | 
of air and water vapor only. this mace possible a solution by anpiy- 
ing a correction factor to the steps of the computation for complete 
evsvoration {see Appendix B). 

It was also felt thst some analysis snould be made of the flow 
passage as such, that is without water injection. Cuch un analysis “ould 
be of great use in seperetin, the effects of eveooraticu fron the effects 
of peculiarities or inadequacies of design. If, for instance, the dry 
run actually corresponds to the results predicted by tne one-dimensional 
analysis, the wet runs could also be expecteu to conform. Without such 


a@ prediction of dry characteristics, any deviation of wet run résuits froa 


theoretical results might be attributed to the wron; cause. Furthermore, 


4 





such dry chéracteristics would offer a useful basis of com erisona 

for the merit of the overell wet performance of the enparatus. Such 

a calculation was made using the same besic one-dimeuslonal apnrosach. 
k was taxen to be the cones end equal to 1.40, wnile 4f dx/D was 
given its previous value of .003. dA/A wae taken to be a constant 
value which would give a final area of about 1.5 squares inches, consid- 
ered to be obtainable operating the evaporation section &s a sinple 
variable area diffuser. The method of verying Ais arbitrary, since 
aporoximately the same end state wil be reached as woulda be reached 
if ares curve of the deciyvned uoparatus were used. The computation is 
included in Appendix B. 

Curves of pressure vs. Length for the werious orocesses conputed 
are plotted in Pigure VIII. Finally, the pressure curves -Lotted 
against length must be shifted in order to bring into coincidence tne 
scetual and calculated areas at env given Soint. In rigure Al is shown 


the shift of the curve of oressure for 100% evaporation witnout friction. 
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IV DESCRLPTLON OF RQUIPMEAT 


The clements of the sero~Theruoprex are shown in tae schenetic 
sketch, Figure IV, end in the photoj;ranh, Figure IV-A. The lLeyvend of 
Fivure IV lists the basic elements of the e;oeretus. The air ejector 
supplies whatever pumping action is required to meintain the desired 
back pressure in the exhaurt receiver. fir enters tne furnace and 
Leaves with products of combustion et 1500°R. In the nozzle tne cas 
stream is eccelerated to Maca numoer 2.5, ana into the sunersonic stream 
water is injected by either of two methods: 1) axiail. in the direction 
of flow, and 2) peripherslly vith s moderate aownstream counonent,. 

Description of the Elenents 

bh. Air Yeeting Anparatus 

A propane furnece is usea to heat the air; tue sroducts of 
combustion pass out ard go through the test section. 

B. Nozzle—Weter Injection-Liffuser Cection 
The nozzle anc diffuser were mace by shepinz flat stalnoiess 
steel blocks, 1 inch tnicx, end fixing them to steinless 
steel side plates to form « rectangulsr flow pas.age cross— 
section. (Cee Figure V.) The'nozzle wes cesigned to give 
the largest throat area possible in accortance with the air 
ejector cspacity available in the Gés Turbine Usboratory at 
iW. 1. T. This value orovea to be 0.91 in” which corres :onds 
to & mass flow of 620 lbs/hour et 15002 stagnation tsaoerature. 
- Tre nozzle exit aree wes desi,ned for a Merch number of 2.4, 
¢ with provisions made to vary the ach nunber from about 2.4 

to £.8 ty shinning the nozale biocxs. The design of the 


water injection and diffuser sections wes com licatea, as 
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FIG, Vit METHOD OF INJECTING WATER THROUGH SIDE PLATES 
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WATER INJECTION BLOCK 
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pointed out, by the fact that it is necess: ry to provide a larger 
diffuser throat area for starting than for oser:tion. This re yurre- 
ment of variahle erea was met by securing rigidly only tae nozzle 
blocks, attaching them to the diffucer blocks witn spring steel bars, 
anc. oroviding craw-rods wito handwheels to move the diffuser blocks ia 
and out. (See Mi,ure V.) The shape ot the ciffuser bloces was designed 
such that in the fully closed sosition, the area would conform to the 
modified theoretical curve shown in Fi,ure A, curve 6, 
C. Water Injection Apparatus 
Water is pumped from a reigh tank and injected into the streaa by two 
methods. 
1. An axisl injection tube oi stsinless steel, 9.05" inside diameter, 
was installed in the iniet receiver ag shown in Figure VI. The nos- 
ition of the tube 1s adjustable, allowin; water injection :t various 
ooints wlong the flow  vassage. 
€. Peripheral injection holes wits; cover biocks were installed in 
the sides of the two flat stainless eteel sletes as shown in :i.- 
ure VII. hecause of tne difficulty of drilling holes of the de- 
signed dianeter, (0.008") it was necessar, first to drill larger 
Bize holes and line tnem with nypodermic tubing, which was in turn 
lined with smaller tubing of the required inside diameter. To prev- 
ant the water from boiling under the injection cover blocks, it ig 
circulated through the blocks and returned to t.e weigh tank vie tie 
recirculation menifoid. A supply manifolc allows any desired com>rin- 
ation of blocks to be used for wiser injection. Two #£00 nesh wire 
screens were insteilec in the susoly line to safeguard the smail 


injection holes. Pum) vressure is regucatecn by a by-pass valve. 





i. Test r.ection Outer @eli Cooling Apoarctus 

It wes found to te necegséry to cool tre outer surfeces of 

tne test aaection tovswcure Srovection ior THe oO ers of 

tit Giffucer area hendwneels against the ni-n Locsl teaversture. 
Pater is oLned fron the citywein fou i:@ tLloo.ed dof the o1ger 
Talle of the test Saction. It is céagst in 2.Men al t1e vor wos 
of the test section, and ulzcneried into the exhuusct coolin_ teax, 


° 


(See scrematic sketch Figure LV.) 


1 


Be. Exhaust Coclin, Apperatus 

it is necestmry to cool tie exhaust @esces furtiter efter tie. Lleae 
the tert suction if gruer to feauce tie tTenaoereture lo ¢1ismeeie 
aifitec for jawWein,, tireupha tie Gir elector. eter °+Om vee 
main is injected into tie exnaust geLes and sederm tec o4. tne cool} 
im, tank, &= Siom) in tuc echcmevic tnecer, 21 ure 17.0) sie 
tem of arginins thie coolin, Water from tne tanec, im wich tleyoume 


q 1 


hig: vecuua, wes simolicied somewo.t by tecin, acv-nte,e oF 4 


¢r 


25 foot Grop to the sump tann. A water-jet eductor was iustailed 
in the drain line. 

F., “deasurin, Apperctus 
1. cressure ts2s are epecey 5 sown 14) Fleure xXlil. Tréoe were 
inst@lle in the ore:sure berde to srevent water trom @cCumL ees 
ig the mercury weifeseter columnt. 
a» Caromel-Alusel, silver shielcec thermocoupies mere installed 
in the Intet &nu Lxnaust Receivers to measure tie tenverature et 
tueose BOLLE. 
3. The amount of water Lijectea 1s tes.ured from weigh tiaKx reac- 


iy 





Vo R«fULTS Atv LLICCUSSLON 


The selection of the desi,n voint for the #ero-—Therao 


me 2 COUSronise USiween the linitstions imooteu by tres laci 


available, ana the ortimun operating »,olnt ae indicstea hy t: 


limioery analysis. The design point selected wee et initiur 
number «£.5 and initial strgn: tion temver wire 1500°R for con 
PMeeniiure eyeporecvion. Provision mit gade for the verioti 
mech nuatsr Within fairly narrow limits, while inlet tempi ra 
be varie: retver widely. Tne necnuaccel systen as puilt Ls 


Vevacecwuete for tne rirgdue of investigetin, thé Puncactentel 


Sf reisiin,, the eta ,~@mition iressurs of © Aign tener: ture air 


by ew ooratin;; water into the air stream. The theoretict1 sta 


oreseure ratio avribabile ecross tne evaasoration section for 
less flow and LOO). evanoration ot the desi;n  »int is 1.66. 
Further investigetion of the detiz,ned sAero-lThermoprex 
diméension#L tovory shoved taets 
; | , 
kL. The ecsumstion tasty (wich is Vv. AV) is equal to 
° Lu 
ig not in serious error. 
e. The eesun2otion tist ff it euual to gevo is not vas 
an emeuricsl frictiol *acror er aoc) .urs lee 
ed, the availabic steenetion sressure scross the 


section i= recuced from 1.06 to Les or com levee 


Clon. 


ITEx 


ities 


1G ore- 


stant 

on of Lowet 
ture could 

bellevea to 
OropLen 
streal 


tri Ceo 


by one- 


io. Using 
COIS Tuer 
EVE DOVATL ON 


EVs )0Ta~- 


2. The sssunaotion tit evaooration 16 complete is srobably 
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Mou Volic. or 75. "evacgre. on 


wile Stagnation prescure 


rétio eviiletle scross the evanor&iion section is recuced 


from 1.18 to 0.88, while for 50% evayoration this Si.ure is 

reduced to 0.49, which ls less then the corressoncing ratio for 

zero water injection, or 6 dry run. 

4.The theoretical computation for eae cry run shows inst @ ete-nation 
pressure ratio of 9.64 is obtained across the evaporation section. 

This is much vreater than the ratio obteined in any acturl faper- 

sonic uiffucer at Mach nuaber 2.5, which leade to.the conclusion 

that, for conver.ine susersonic parea,es, a one-Gimensional treat- 
ment vith the usa of a reesonélle friction factor will sive results 

6 vhet are ootimistic for any essumed rate of evagoraticn. 

Sethe eccurste cetermiartion of the rete of eveprration in the desi. ned 

a aretus 38 impossible. As a result of compgrison sith otner exver- 

imental work it may be exnectea to be between 50% and 75% complete. 

Preliulnary tests of the Aero—inernoprex were not verforaed with 
the vyoal in amine of oroducing an increaie of stsynation pressure, but 
rather of determininz the aegree to which the individual conponents met 
the requirements which ,rew out of the desi-.n stucy. Data rronm prelim- 
inary tests is shovn in Figures Al] anu XLII, Apsendix i. 

The flow oassa,,e behaved about &@ wes exvected, osrouucins an aver- 
age Mach nuaber at tae meximum srea section of 2.49 as deterained by 
calculation, a samole of wnien is inciudead in Appendix D. ‘The aver- 
age Mach number was deterained oniy for a stegnitios tenoerature of 
L500 R. The diffuser throat was capalle of aujustment between tie 
limits snown in Figure X%. Yoon cisassembly after ceversi aoure of 
overation et temseratures above LOOOR, the stuinless steel surfaces 
shoved only slignt ciscoloration. nae sections of the wall at the 


maximum grea section which were made of cutlery sorin steel were 





———————— 


ee, 


blackened comevwnat, and were he,iniing to thow minute Llocselizec 
oitting, wiich was not felt to be cerlous enou, i to introduce sny 
new factors into tne analysis. The cutiery steel retained its 
elasticity throu, hnout the test. The Leaxtpe on3st tiie variable areca 
Gummer bIOCKS WAS Gonarentiy not significant. 

water lujection upseretu.e. was served wita tne required water 
flow up to 66 psiz. Tne axial injection tube could be edjusted so 
as to discharge water ranging from three inches upstrean of the nozzle 
throet to three inches dowstreen of tne nozzle throat, and at rates 
varying froa zero to 175 pounde per hour. céteowlse weter injection 
from zero to 175 pounds ,er hour wee jossible. The furmace which 
neated the air flowing to tne inlet receiver was capable of raisin, 
the stagnation temperature to the udper cevel inaicated in the desi,n 
Porny Siucies. The hi ;neet inlet teuperature obtained was 1850R. 
Thermocouples »rovided for tne measurement oF iniet and outlet stay- 
nation temperatures hac previously been csiibreted ry the U. c. Naval 
En: ineering Fxnerinent Station but were cnoeckec ageinst one another 
to insure that ail were in agreement. One thermocouple faiied as a 
result of oxidations uncer the silver shiela after about four aours at 
eleveted tenserature. 

The pressure tase instslled alon, the wall »sroviaea tne only 
evailable meangure of the stream properties in the ai,,h speed re, ions. 
By observin; tne readings of the mercury nanometers it was oo0ssible 
to follow the axial movement of shocks, ana of the uiffuser throat 


as tne boundary conditions imposec on tne stream changed. 





In the elgzé constructed any Vositive “pumping” ection by tae 
Ahero-Thermoprex is extrenély inorobable. Only if evasoration is 
gomuthin,: more then CO% complete Wil the cevice perform more 
efficiently with water injection than without. HYorever, °comlete 
testin, of the apparatuc was felt to be desirable, both for tne pur- 
noee of substantintin,, the theoretical results and to provide a basis 
for further inveztisation. Come information on evenoretion rates 
is also to be wsined from sucn testin,. Cuch inforiation has pre- 
viously been non-existent. If ,ood correlation between aetiucl end 
calculated characteristics le abteined, the Aero-Thersocrex could 
become & oositive “sumping"™ device in Lerger sizes since, &&€ nus 


beéo pointed o1t, the abseclute size of tae Tlow oatsale hat 50 5 


momo tuemce on the effect of friction ana on t1. Compretences of 
evacoration. Vomplete testing of the aoparstus is tue subject of a 


corpanion tnesis. 








APPENDIX A 
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ANALYSLE OF VARLOUS EVACORATIGN PROCESSES 


AT CONSTANT TE(VP ERATURE 


BASIC EVUATIONS 


For analysis of one-dimensional evaporation processes at 
constent temoereture the followin, equations are used: 

Equation (65) of reference 2 is written in the form 

uM. = (Kn 1) C p, M* =m 2G. ) (ONCE as) 
e (K,-1) Cp, Pde Cpz)(kz-!) Om 

and.is integrated stepwise to obtein the Mach number at each point 
in the passage as a function of O w/w only. 

Equation (10) of reference 2 is written 
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solved for GA/A, and then written in the finite difference form 
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efter which it is inteyrated stepwise as shown, depending on the 


assumptions made. 


In order to compute stream pressures end stagnation pressures 
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at any point, relstions (66) anc (38) of reference 2 are written 
4D, = Utz AL™1, KW r % 
4p, us, Az “| Kk,W, 
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Numerical integrations are shom for the following cases 
with assuaptions as indicated. 
lL. Frictionlese Flow, Comslete Eviporation 
& f£>y20 
by y* - i nec lected. (see note) 
Cc. Evaporatioa Comolete and lnstantaneous 
ke Flow with Friction, Comslete Evaporation 
Ge y=O 
b. 4f dx/D=0.009 constant 
C. uv - ve neglected. (see note) 
d. Evaporation Complete and Instantaneous 
3. Flow with Friction, 754 Evaporation 
a. y=90 
be. 4f dx/D= 0.009= constant 
ce VE - ve neglected. (see note) 
d. Sw/w, in second tern of A-2 becomes aw /*, and 


is four-tnirds of aw/w. 





4, Lom with Friction, 50% Evaporation 
came as © except aw /W, Le twice an/m 
Oo» Flow with Friction, No vater Injected 
a. y= av/m = O8/K, - ak/ic = Q 
b. For unit steo 4f dx/D= 0.002 
c. For unit stepas/A, = 0.970 
Ge. A-2is solved for ane/ae and ilote,;ratecd steowise as 


SHOW « 


2 

Note: Assumption that y= 0 means V,=0. V'/2g. varies from about 
10% of hy - & at start to 1%-6t end of process. If included it 
would present a slightly more ootimistic rise in stream and steg- 


nation »-ressur6és. 
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NUMERICAL INTEGRATION 
Friction Present -— M= 2.5 





IOO% Evaporation 









S9O% Evaporation 


33s1=@i- 2 AIKM*LL 16.9460 | 15.8767! 148311 128134 | 118377 | 1088260] 44507 | 90391 | 81473 | 727850 | 6.4213 | 5.535% | 4.7685 | 3.9827 | 32139 | 
49 _GS)x 00725 [03813 | —.o3s7z | 03337] 03107 | 02483]  .ozee3 | .02444| 02234 | 02034 | .01833 | 01037 | 01445] .01257| 01013 | .o0a9e | 1007231 
fade | 0827 | tosses | 1.0893, | ~loqoa | 10927 | 10743 | 1.0749 | Loiso | toqat | 1.0927 | toqoz | tossd | 1.0793 | 1.0695 | 1.0538 | tozsq|] 
(1725 | ter7st [| tiato [| ots723 | ree |, 
<4 F/ > ain 2.510 2.9804 4.048% 4.1346 : 16804 
cE AA, 3506 | 71804 1S! $48 S463 2944 -2E26 
: E \4 ) 7 
Fora Finol Mach No. Of .1:- Ee = 2 (450)= 1.1819 
79% Evaporation | | 
g : -.04146 | -.05292 | -.0s233_ | -.o@1ac. | -.06513 {| -.06813 | -.oT0¢0 | -.o7220 | ~-.07334 | -.o133a | -.07247 | -.06984 | -.ces:9 | -.osia7_ | -.04367 | -.o1199 | 
e 02-G5il2+85) Ae] tog | tt osaq | tos37- | t.0633 || t.0g73 | totes | 0732, | orga | totes ~— | totez—o| hose =| t.otea | toe74 =| tesa) =| poaae | towe [ 
61 SHxed+EGD Fret toise | rioar | wiosa | tiovd | rizzo | isso | ivaae | gee [ ia4s | i4ee | tisa8 | iss7aq [iets [ ttese fT eee | tie [Oo 
4 9258 
53 Al Ao 38E2I 
For o Final Mach No. Of !.1:~ tet = 215 (640)= 0.8585 
10178 




































‘4% eo &| waace | i78te7 | 16383; | w.e09¢ | 148134 | 13.8377 | 128820] 11.9507 [| 110341 | 101473 | 9.2750 [ 8243 | 7.5858 | 67685 [| 5.98927 | 5.2137 | 
47 xO gz | tteog | e427 | tsz7z | 4 | 182 | OFT | | tN . y= 
“Za d2-q5 | 4336S | 42443 | 41474 | 4045; | 39373 | 33240 | 47032 [| 357159 | 3446 | 3.2985 [ 31471 [ 24863 [| 28150 [| 2.6323 | 24374 | 22375 | ZoisT 
49 22G—a | 21452 | 20979 | 20481 | 1.7456 9403 | 1.83818 | 1oagy | 41sa4 [| tesso! tens | 15334 | 1450a | 13618 | 12676 | 11688 | 10633 | 
So c-G@®)..”—, (OY) 8S | S| CU GG | 044) SR |G sas [| os4iz | ©4877 | G45 | 6.3833 | 6.3323 | 62322 | 62328 | 61842 | 6.1304 | 6.0893 | 
51 GD*GOx~GQ Te | ORAS 1249.24 12345[ -uITe | tT? | tos’ |. ogagy | eoga7z| 608783 | .o8iTd | 07S44[ 06906 | coezet | ~—woseon | 
S22 4axe. +I. 009160! - 008012 | — .007850| - .co7e77| — .007495| -.007243| —-0069M] — -ooesse| — .og66lo| - .006348| ~. 006003 | ~ .008756| -.005423| -.005073| — .004646| —.004287] 
53 [2@)+2@5)=@2 07310 |. 01312 ,OT3R 01268 | _.e7270 | —«woN8S | ——s.oogy | ~~. 009691 ~—. 068170! owsqo | —-oezae | -osges | —-oszeq | 04936 | sw ozqs4 | —omasee] 
54 GaHan-GvGp-Gs “AR + 01498 | +.00577 | +.00243| — orgs | 0780 | = 02436 | —.03028| —.03sis | - -039a1 | -.04250] -.04452|[ -.04466[ -— .042TI | —-03749 | - .02626| --00246| 
55 (2-6)1-(2+69)] Aft  .9852 9942 | 8976 | —*t.010S 1.0192 | 1.0247 | 10307 | 1.0358 | t.o402 | 1.0494][ 1.0455 | 1.0457 | 1.0436 | 1.0382 | 1.0266] 1.0030} - 
56 @8)<«E5D + GS 7 I 1.0605 1.0704 | _{.01977 | 1.0987 | 1.0968 | fioeds [| tide f  nizig | ti2zge | 11302 | 11426 | aeat i4aart 
s7ati‘“‘C™SOC™S™C™C;C*C pl ttc | toes | fo7oqg | 182 | 1.1863 2.173 2.4034 | 3.3174 [| 3.7895 | 4.3357 _ 
1.023% | ss t.o1267] 944571 A To0o | AGT | 0414 | 314-00 8416 30196 13431 107241 68896] 6 8690 | 
For aFinal Mach No. Of I.I:- et = £'% (4 000)= 0.4977 
Poi 17% ZO | 
For All Integrations Above: , | - 
| 2Chv- hc) “ 


T = Constont = 665.5°F abs., C= ‘i ae 3.33144 ; AND 4f == 0.009 For Eoch Step Hos Been Assumed. 
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NUMERICAL INTEGRATION 
Diffusion Of Air With Friction 













































Initial M=25 ° 
_ ge k=140 
ian 5.476R = 
| i ates O io} - .17 
31 : i /-.2ioy | -.1936 | -.11 7 tc 
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CALCULATi9., FOR THBORCTICAL EVE? Feet LOW RATES 


) o 
The basic eyuation used was tasen from Cherwood . 1% was 
aqerived by Chilton and Colburn by énaloyy of ness transfer to heat 


Prage:er, similer to the Reynolds analo., of frictionén2 Seat trem 
fer. 
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Enere 
o6 
2, hDs . 0.33 a 
- Page 
Combining equations 1 and 2 
| ee Cera .) 
2 Kew = — - (2% F(oss[ 6 ]"") 
DO, Ce W 4 
At 2O00F 
Cp = 0.2392 K = 0.0180 
Wee “26.97 125 1.280 
Wy: 18.02 AM, = 0.0482 
Fuuation 


% then reduces to 
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dur Se cs p* IDs = 
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ints :raving bils "@hpréSslon, Che tite or ev@euration is 





obteined 
14 14 
D OD 
Teese lao a hrs -0 685 =, ipCeereeee 
Gee Coes 


If the avers,.e velocity curing ev. poration is V,/2, that 


is, evéoorétion 15 comorete at moment Gro» is accelerated to strean 


soeed 
4 
L: V-t =O 3425 «10% a f+ | © =O, Va 
rl Se 0.4 
(ye, a x 10° Us Va snches 


aes ig, 1501 eae 
CP, = 0.00346 ' V, = 3110 
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rm 


: . , a =6 a9 
Lengths of Guct réquired for crap aizee of 10 > 10°, end 


feet are snown below. 


Los = 12.1 incnes 
(_ ~§ oa 
2,°10 = 03 inches 


eae = 0.481 iaches 
From this it can be seen tuat the droo size must be «znown witn 
great accuracy, which witn oresent infomietion 1s Lisoesible, iow— 
ever, if it is azsumed tait wits saterai Lijection lato tie streen, 
the Jrop@iigze, Do» is inversely oroporticnal to the verocity of tue 


stream, and prosortionez to the “lemete~ of (10 taee ston aie, 





A comparison may be mace to tie measured resuits of Curry, in a 

much lower speed stream. Tnis assumption seens to Lo,icalily follow 
the theory of the formation of drops by a sneacing phenomena as poetu- 
lated by many investigators of atomization or liquids in a subsonic 
strean. 


' The proportionslity equation then becomes 





Dun, 
ie: Viete,e¢ 
in a typical Curry run 
hc, =WN4OR 
m= 0.49 Vee 1G oe 
P= 278 esa Po eo. 
ae 0.02 
Oo. .6 
L = ( Vac ) : ( Din \ Ca ) 
{. Va Dinic Pa 
| 4 5.6 
i: Spee a ; = 0.485 
Lo. Z(7O O2 00546 


For an average run, Curry obtained 50% evaporation in about 
<0 inches, after which evaporation proceeded very slowly <8 increes-~ 
ing length. The above conp°rison Would indicate thet at least this 
anount of evaporation could be expected in atout 9.6 inches, 
SYMBOLS UCED 
1. Kg diffusion rate, 1b aol/nr ft® atmos. 


Zn a heat transfer cocfficient for similar situ:tion, 
feu/hr £t* © 


z.C,. specific heat of air at constant oressure, LTU/Lb F 


4.P,  partiel pressure of sir in main etream 
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12. D. 
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molecular wcight of air 
moLeculer velsht of water 
cénsity of Sir, ey 3S 
density of aes 
diffusivity constent for air 
thermal conductivity of sir, ETU/hr ete Pit. 
viscosity of air, lbs/br ft. . 
dlemeter of water droo, ft. 

inne vende of De» ie 

Gianeater of woter injeetion hole, ft. 


air velocity, ft/sec. 


8 Lp 
16.G «ass flow, lbs/ft~ sec. 
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“igure Xj 
Flot of Typacal Fressure Traverse and Determination 


of Mach Number at Section of Maximum Area 
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